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We study the radial propagation of a classical electro-magnetic wave in a Schwarzschild metric.
By relaxing the standard assumption which leads to the eikonal equation, that the EM wave has
zero spatial extent, we show that EM waves with wavelengths larger that the Schwarzschild radius
are not absorbed by the black hole, but are reflected. This is shown to be consistent with the
seccond law of thermodynamics under the Bekenstein interpretation of the area of a black hole as a
measure of its entropy. The propagation speed is also calculated and seen to differ from the value
c, for wavelengths larger than Rs, in the vicinity of Rs. As in all optical phenomena, we see that
whenever the wavelength of light is larger or comparable to the physical size of elements in the
system, in this case changes in the metric, the zero extent ’particle’ description of light as photons
fails, and its wave nature becomes apparent. This leads to a wide variety of effects, some of which
we begin to explore here.
PACS numbers: 04.70.-s 04.70.Bw 04.70.Dy
I. MOTIVATION
The presence of a black hole divides the universe into
two causally distinct regions. Essentially, an event hori-
zon hides a singularity from the external universe. Both
regions, the inside and outside are causally disconnected.
The simplest example of a black hole is the one given
by the Schwarzschild metric. These Schwarzschild black
holes have a “spherical” event horizon. These holes are
only described by a single parameter, their total collapsed
mass M located at a single point, in the “centre” of the
event horizon.
The problem of accounting for the apparent entropy
decrease for the universe when a body is swallowed by a
black hole, hence making its entropy disappear from the
outside region, has been given an answer ([1]) by asso-
ciating an entropy to the area of the black hole horizon.
This last quantity remains accessible to measurements
preformed by external observers through it’s dependence
on the black hole mass. The extensive work on black hole
thermodynamics of the 60s and 70s notably by Beken-
stein and Hawking (cf. [2] and references therein) has
lead to the establishment of the so called laws of black
hole thermodynamics, where black holes appear as clas-
















In the above equations ASH = 4piR
2
s is the area of the
Schwarzschild event horizon, AP = ~G/c
3 is the Planck
area and Rs = (2GM)/c
2, the Schwarzschild radius of
a black hole of mass M. It can be seen, for example,
that the merger of two black holes of equal mass will
result in a net increase in entropy, and hence an event
one should expect could happen, in terms of the second
law of thermodynamics.
We now point to a particular process which would ap-
pear to violate the second law. Suppose a black hole
of mass M is absorbing an amount of black body radia-
tion having an energy EEM and temperature TEM , the









The total entropy before the radiation is swallowed by
the black hole, will therefore be SBH +SEM . After swal-
lowing the radiation, the black hole will experience an
increase in mass ∆M = EEM/c
2, and hence an increase














We can now write the quotient of this increase to the
original black body radiation entropy, which was lost to
















The right hand side of the above equation becomes
< 1 for TEM < 8TH/3pi. We see that the process of a
black hole swallowing Planck radiation of a temperature
somewhat lower than TH results in an overall decrease in
the entropy of the universe. Seen in this way, this process
would violate the second law of thermodynamics.
An analogous formulation of the problem comes from
considering a black hole of mass M swallowing a sin-
gle photon of wavelength λγ and caring an energy Eγ =
hc/λγ . The increase in the black hole mass will now be
∆M = h/cλγ , to which there corresponds an increase in












We see that the increase in the black hole area becomes
arbitrarily small, in particular less than the Planck area,
for photons having wavelengths somewhat larger than the
Schwarzschild radius of the black hole swallowing them.
This last might seem uncomfortable if one adopts the
point of view that the smallest dimension of area which
should appear in any physical theory or process is the
Planck area.
The preceding two thought experiments lead to the
conclusion that either equation (1) is not valid and arbi-
trarily small area increases are allowed for black holes, or
radiation colder than TH (or photons with wavelengths
longer than RS) can not be swallowed by black holes, if
one wants to keep the second law of thermodynamics.
We shall now explore the propagation of EM radiation
in the vicinity of a black hole, to see if any mechanism to
prevent photons with wavelengths longer than RS might
naturally arise.
II. DETAILED TREATMENT OF EM
RADIATION IN A SCHWARZSCHILD METRIC
In this section we treat the problem of a purely radially
propagating EM wave moving towards a black hole. On
first impression one would naively jump to the conclu-
sion that photons can be treated as massless particles,
and hence should simply follow null geodesics into the
black hole. However, such an treatment is derived under
the assumption of vanishingly small wavelengths. See
for example ([3], [4]), where the geometrical optics ap-
proximation for EM waves is derived by requiring that
the metric can be treated as locally flat over the spatial
variations in the studied wave. The eikonal equation,
trajectories described by ds = 0 are, strictly speaking,
approximations to the propagation of EM radiation valid
only when the wavelength of the photons can be treated
as zero. In general, whenever the dimensions of a system
are much larger than the wavelength of photons moving
around in it, light can accurately be treated as point par-
ticles having zero extent. However, whenever elements
appear with dimensions comparable or smaller than the
wavelengths of the photons present, the wave nature of
light is immediately apparent, and EM radiation must be
treated explicitly as a wave. In the case of photons having
wavelengths comparable or larger than the Schwarzschild
radius of a black hole, it is the variations in the metric
which become comparable to the wavelength of the EM
waves. We must therefore treat the problem outside of
the eikonal approximation, and study the full physics of
it.




























































3We will retain the approximation that the metric is not
modified by the presence of the EM field, vanishing field
strength, but otherwise introduce no approximations on
the derivatives of A, we will not introduce a vanishing
































where we have dismissed all non-radial spatial deriva-
tives, as we are interested only on a purely radially propa-



















It is clear that for r >> RS the above equation reduces
to the classical spherical wave propagation equation, as
should be expected, since the Schwarzschild metric re-
duces to Minkowsky spacetime for r >> RS .
Defining dimensionless quantities for the problem, T =
















If we now propose a solution of the form A(R, T ) =
F (T )G(R), we can separate equation (18) to obtain:
d2F
dT 2













= −W 2G (20)
Where W = ωRS/c and the separation constant was
chosen < 0 to guarantee periodic wave propagation. The
solution to equation (19) is trivial, while equation (20)
requires somewhat more treatment.
We propose a solution of the form G(R) =
U(R)exp(iKR), which is then introduced into (20), the













R1/2(R− 1)1/2 . (22)
Again, it is clear that for R >> 1 the geometric dilu-
tion factor of 1/R on the potential, and hence 1/R2 on
the energy, for spherical wave propagation is recovered.
The real part of equation (20) after introducing the trial
solution gives the dispersion relation for the problem:
K2 =
1 + 4W 2R4
4R2(R− 1)2 . (23)
We can see that the standard K =W dispersion rela-
tion is recovered for R >> 1,W >> 1. At this point we
can calculate the propagation velocity as W/K,
V =
2WR(R− 1)
(1 + 4W 2R4)1/2
. (24)
We obtain the surprising result that the radial prop-
agation of EM radiation towards a black hole does not
always proceed at speed c (1 in the above units), but ac-
tually slows down on approaching RS , at a rate that de-
pends on the frequency of the wave, the effect becoming
increasingly strong as W decreases. Part of the above
effect, that at W >> 1 is simply a consequence of the
Schwarzschild coordinate system, in which an inertial ob-
server calculates infinite travel times for photons travel-
ing towards a black hole, however, the achromatic effect
is introduced by having considered a fuller physics than
the standard zero wavelength approximation. Again, in
the limit W >> 1, R >> 1 we recover V = 1.
We have obtained a dispersion relation which shows
clear deviations from the standard expression for W ∼ 1
and smaller, but still no mechanism to explain the appar-
ent impossibility of the wave for reaching inside R = 1
which the thought experiments of the previous section
hinted at. We notice that the above analysis offers only a
local approximation, a first correction valid for non-zero,
but small wavelengths, for which K can be considered
approximately constant; a fuller solution to the problem
requires a numerical treatment of equation (18).
III. NUMERICAL CALCULATIONS
In order to obtain numerical solutions to equation (18)
we have used an explicit finite-difference leapfrog scheme
(central approximation in both time and space) which
affords a local truncation error (LTE) of order k2 + h2,
where k is the fixed time step and h is the fixed position
step. All of the results presented in this section have been
obtained using k = h = 0.001, so that the LTE remains at
all times quite small. Note that in the numerical scheme,
the right hand side of equation(18) is evaluated, and used
to obtain the evolution of the field through the left hand































FIG. 1: The figure shows four timesteps in the propagation
of a small EM pulse towards a black hole, we see substantial
deformation of the pulse, followed by an absorption by the
black hole.
side of equation(18). In this way, there is no singularity
at R = 1, only a zero, which is in any case explicitly
avoided by choosing a discretization which avoids having
a grid point at R = 1.
It has also been checked that these choices of k and
h satisfy the well known Courant-Friedrichs-Lewy condi-
tion for the stability of an explicit finite-difference scheme
for a hyperbolic partial differential equation, such as
equation (18), [5]. Reducing the size of k and h by a
factor of 10 yields results with only minimal differences
from those shown, and then, only at the peaks, proving
numerical convergence of the scheme.
Figure 1 shows results for a pulse of wavelength 0.1R,
a regime where the standard small wavelength approxi-
mation would be expected to hold. Indeed, we see that
although propagation towards R = 1 proceeds in a non-
linear fashion, the pulse arrives, and crosses into the
R < 1 region of the domain, the pulse was absorbed
by the black hole. On the other hand, figure 2 shows
the propagation of a pulse having a wavelength of 10R,
starting at R = 10. This pulse approaches R = 1, is de-
formed substantially, and produces a reflected wave train,
with a residual amplitude in the vicinity of R = 1 which
slowly decays. In terms of the thought experiments of the
opening section, we see that a strictly standard mecha-
nism naturally arises, such that photons whose absorp-
tion might lead one to question more fundamental physi-
cal relations, are prevented from entering the black hole.
Away from R = 1 we observe that, as expected, prop-
agation is very similar to spherical radiation, as the lim-


















FIG. 2: The figure shows four timesteps in the propagation
of a large EM pulse towards a black hole, we see substantial
deformation of the pulse as it approaches R = 1, followed by
the emission of a trainwave of wavelength comparable to the
original wave, and no absorption into the R < 1 region of the
domain.
iting form of equation (18) as R → ∞ is precisely the
equation for a spherically symmetric wave equation. As
R → 1+, however, the propagation velocity decreases
noticeably and the wave amplitude increases, giving the
impression that the waveform is being smeared against
R = 1. This is explained by the fact that the propaga-
tion term is proportional to (R − 1)2 and the spherical
spreading term is proportional to (R − 1), so that the
influence of the propagation term becomes smaller at a
more rapid rate than that of the spreading term.
We have identified the critical wavelength to lie in the
vicinity of 1. This is interesting, since going back to
equation (9), implies that the smallest increase in the
area of a black hole which can result from the absorption
of a photon, will be of order 16pi2Ap. Bearing in mind
that whereas the quanta of action ~ can be inferred from
experiments due to its direct bearing on observables of
the electro-magnetic field, the quanta of area can not, and
has only been estimated to lie close to Ap on dimensional
grounds. The above results might hint at the quanta of
area, Aq, being of the order of 16pi
2Ap, with the quanta
of length resulting 4pilp.
The preceding results are not altogether unexpected, if
one considers existing studies of gravitational backscat-
tering of light, where the fact that light rays can travel
along non-null geodesics is well known. Examples of
the above can be found in [6, 7, 8, 9] and references
therein. It has been previously found that for the case
















FIG. 3: Propagation speed of the pulses shown in figures
(1) and (2), upper and lower panels, respectively, thick lines,
compared to the corresponding solutions of equation(24).
of backscattering by Schwarzschild black holes, although
mostly treated in terms of perturbations on the met-
ric, the corresponding space–time works as a nonuniform
medium with a varying refraction index for electromag-
netic waves. The magnitude of the backscattered wave
depends on the frequency spectrum of the radiation: it
becomes negligible in the short wave limit and can be
significant in the long wave regime [6, 8]. We have shown
that this process saturates, and leads to zero absorption
of light for wavelengths larger than Rs.
Finally, we have calculated numerically the pulse prop-
agation speed, in order to test the validity of the approx-
imate solution given be equations (23) and (24). Fig-
ure 3 shows a comparison of the actual pulse propaga-
tion speeds, thick lines, and the approximation of equa-
tion(24), thin lines, as a function of radius, for the pulses
shown in figures (1) and (2). The pulse which started
with a wavelength of 0.1R is shown in the upper panel,
and is seen to propagate exactly at the speed predicted
by equation (24) for that wavelength. This was to be
expected, as over the extent of the pulse no significant
variations in the metric occur, until only very close to
R = 1. The wavelength of the pulse changes, as seen in
figure (1), but given the large initial value of W = 100,
and the rapid approach to the asymptote of equation (24)
for largeW , this does not introduce significant variations.
The lower panel of figure (3) shows the propagation
speed of a pulse starting with a wavelength 10R. This
time, the difference with the speed predicted by equation
(24) is much more obvious, as significant distortions in
the metric, over the extent of the pulse, are apparent in-
wards of around 1 wavelength, R = 10. In all cases, the
actual propagation speed is seen to deviate upwards of
the prediction of equation (24), inwards of a certain criti-
cal radius. This assures the pulse actually gets to R = 1,
even in the description of the Schwarzschild metric. As
in the previous case, the asymptote towards V = 1 is
evident, both for the numerical wave and the solutions of
equation (24).
The generalization of the problem treated here to the
3D case of EM radiation propagating towards a black
hole at an impact parameter differing from zero, and the
polarization effects which will result, together with the
non-achromatic Einstein radius calculations, will be the
subject of a subsequent paper.
IV. CONCLUSIONS
We have shown that the standard ds=0 treatment for
photons necessarily fails when variations in the metric
appear over a scale comparable to the wavelength of the
photons. This variations imply a non-achromatic effect
for the interaction of EM waves and black holes, in par-
ticular, propagation velocities which fall below c, even in
the waves proper frame, as the frequency is decreased.
We reach the interesting conclusion that EM waves
having wavelengths longer than the Schwarzschild radius
of a black hole can not be absorbed by it, raising the
possibility of direct detection for black holes, and hinting
at the quanta of area being of order 16pi2Ap.
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